Introduction
In the year 2000, U.S. President William J. Clinton established the National Nanotechnology Initiative (NNI), a federal government research and development initiative involving 20 federal departments and independent agencies, whose overarching vision is "a future in which the ability to understand and control matter at the nanoscale leads to a revolution in technology and industry that benefits society" ( [1] , p. 5). The NNI would be one of the many nanoscale science, engineering, and technology (NSET) initiatives, centers, collaborations, and networks developed globally, on nearly every continent, during the early years of the new millennium. From university programs to multi-national networks, by the end of the first decade of the 21st century, it was clear that nanotechnology was emerging as one of the most promising and rapidly expanding fields of research and development worldwide.
It would not be long before scientists, science educators, engineers, and policy makers began advocating for NSET concepts to be introduced in the K-12 education system. Mihail C. Roco, Senior Advisor for Nanotechnology at the U.S. National Science Foundation, speculated on the emergence of nanoscale concepts in K-12 education (and beyond) and emphasized the urgent need for science and engineering education to focus on the development of interconnected, interdisciplinary knowledge:
It is expected that the foundation of science and engineering education will move from the microscopic to the molecular and supramolecular levels in the next 10-15 years. Nanoscale science and engineering provides a meeting place for disciplines towards the same basic material structures at the building blocks of matter, and same principles and tools of investigation. Systemic changes are envisioned in teaching the new nanoscale concepts beginning with kindergarten to graduate schools and continuing education for retraining. An important corollary activity is the retraining of teachers themselves. Nanotechnology will require that a new domain of knowledge be covered. Unifying science from the nanoscale and converging technologies on this basis should be reflected in education. ( [2] , p. 274, italics added) However, integrating new content into existing K-12 curricula is no small feat. In the United States, for example, critics often have characterized the science curriculum as "a mile wide and an inch deep" -trying to "cover" too much content with too little depth [3, 4] . In contrast, recent reform initiatives emphasize covering less content in greater depth with more coherence [5, 6] . Additionally, the nature of K-12 schooling in many countries is characterized by demarcated disciplines, which is in stark contrast to the interdisciplinary nature of NSET. Moreover, it necessitates that teachers who desire to infuse NSET into their instruction engage in learning opportunities to enhance their knowledge and skills for teaching NSET. Thus while NSET offers an opportunity to reform and extend precollege science into an exciting new scale, a strong case nonetheless must be made for not only why new content is important, but also what content is important to learn at the pre-college level, how NSET will connect to existing curricula, and, most importantly, how students learn NSET given its interdisciplinary nature.
Making the case for including NSET into pre-college education
Three popular arguments have emerged for why NSET should be integrated into pre-college education, each with its own merits. First, there are the interdependent issues of workforce "pipeline" needs and technological and economic competitiveness -that is, in order to achieve Another reason for introducing NSET into precollege classrooms is a matter of basic scientific literacy. As Stevens et al. [11] noted, "The ability to understand discoveries, technologies, and information resulting from [nanoscale science and engineering] research requires a high degree of science literacy" (p. xi). In an era of rapid scientific and technological advancement paired with the global socio-economic importance of NSET, it is incumbent upon the science, technology, engineering, and mathematics (STEM) education community to provide a commensurate response by developing and providing the learning opportunities for all students to develop "abilities to communicate about science and technology, negotiate everyday situations involving science and technology, and take an active and critical role in the discourse of science and technology" ( [12] , p. 1952). To make intelligent, informed, and responsible decisions in an increasingly highly technological society, citizens of all ages must have opportunities to develop the knowledge and skills for understanding contemporary science and technology [11, 13, 14] . Thus, the building of a scientific literate population must begin in the early years of education, starting with some of the most foundational concepts (e.g., structure and states of matter, size and scale) upon which more complex and specialized knowledge and skills may build.
Finally, the third argument for "Why nano?" in precollege classrooms is framed in terms of student interest and motivation. Based on research that shows that motivation and interest have a substantial influence on learning (e.g., [15] [16] [17] ), some researchers argue that NSET is a contemporary and intriguing context for fostering students' interest in and motivation to learn science and technology in general (e.g., [18] [19] [20] [21] ). This argument is supported by a study of secondary students' interest in NSET topics and phenomena in which 416 students in grades 7-12 were introduced to several nanoscale topics and phenomena through four manipulative activities and a series of nanoscale driving questions [20] . Findings indicated that students held the greatest interest in NSET topics that related to the "real world" and their daily lives as well as those that they perceived as novel. Further, in a study by Hutchinson [22] , secondary teachers reported increased student interest and engagement in science when they taught NSET-related lessons on novel topics such as ferrofluids and gold nanoparticle biosensors. Indeed, with the prevalence of nano in the media and the myriad consumer products that claim to include some aspect of nanotechnology (e.g., tennis racquets, stain-resistant pants, sunscreens, makeup, paints), many students are aware of nano in their everyday life and are part of a generation inundated by "nanomania" ( [23] , p. 19 ). Yet, despite prevalence of the media capitalizing on and promoting nano, students' knowledge of its scientific significance and relevance to daily life still lies in the Pandora's box of the uncertain. Thus, integrating nano into existing STEM instruction provides a way to tap into students' natural curiosity for learning about something new that has an impact on their daily lives, but about which they know relatively little.
The rise of pre-college NSET education programs
With many eyes now turned toward NSET education, there has been a surge throughout the mid-2000s of new pre-college NSET education programs and initiatives. One major development to facilitate the infusion of NSET into pre-college classrooms was the publication of The Big Ideas of Nanoscale Science and Engineering: A Guidebook for Secondary Teachers [11] , which defines nine core ideas of nanoscience and engineering relevant for introducing to grade 7-12 learners. Concomitant with this focus on the development of pre-college NSET programs has been the emergence of new scholarship related to NSET teaching and learning, enough that there already have been a few syntheses devoted to scholarship in this area [24, 25] that review empirical studies, curricula, and educational programs. Indeed, there now exist a number of publications on programs and project descriptions. However, there is much to be done in several areas, including empirical research on pre-college learning related to NSET. Hence, several goals of this special issue are to share some of the current work that is being done, discuss implications for learning research, and suggest recommendations for future scholarship in the field of pre-college NSET education.
4 Nanotechnology Reviews special issue on pre-college NSET education
In this special issue of Nanotechnology Reviews, we invited manuscripts that focus squarely on pre-college teacher and student learning of NSET concepts as well as concepts that are central to understanding nanoscale phenomena but not necessarily unique to NSET. Studies on teachers' development of pedagogical and pedagogical content knowledge for teaching NSET and studies on tools for learning NSET in pre-college settings were also appropriate for this issue. In all, we included seven articles that spanned a range of research foci, contexts, and methodologies, and were contributed by scholars from several countries, including Israel, Taiwan, and the United States. Studies took place in traditional classroom contexts, teacher professional development contexts, as well as informal education contexts such as a summer science camp and a professional scientific meeting. Moreover, several of the works in this issue report on research that emanated from or involved a major NSET education initiative, including Taiwan's National Program of Nanotechnology (NPNT), the U.S.-based National Center for Learning and Teaching Nanoscale Science and Engineering (NCLT), the U.S.-based NanoTeach, and Israel National Nanotechnology Initiative's NanoIsrael conference. Below are the highlights of each article in this issue.
Published research on pre-college students' and teachers' nanoscale science, engineering, and technology learning
Given the growth in the number of NSET programs and the extensive funding that has been devoted over the last decade to the development of NSET programs, the time is ripe to reflectively and analytically examine the work that has been done regarding pre-college students' and teachers' learning as a result of NSET education efforts. Thus, the first paper in this special issue characterizes the state of research to date on pre-college students' and teachers' learning of NSET content knowledge and related practices. Utilizing The Big Ideas of Nanoscale Science and Engineering [11] as an organizational framework, Lynn A. Bryan and colleagues reviewed 26 empirical studies focusing on NSET learning in a pre-college context that have been published in scholarly journals between 2003 and 2014. This review underscores the fact that there clearly exists an emerging and robust community of scientists, science and engineering educators, and practitioners who are engaging in research around critical questions about learning NSET concepts and practices, and more broadly, learning in interdisciplinary contexts. Bryan et al. offer recommendations for not only the focus of future empirical studies on NSET learning, but also design considerations for research on both student and teacher learning in pre-college NSET education contexts.
Instructional impact on high school physics students' nanoscience conceptions
One of the most fundamental and most researched big ideas of NSET education is size and scale. Size and scale is a cross-cutting idea of NSET education as it helps to describe matter, predict the behavior of matter, and explain a variety of phenomena at the nanoscale -making it particularly important to include in any K-12 science curricula. In the first of two articles in this issue on precollege students' learning of size and scale concepts, Thomas Tretter presents a study in which he examined 207 high school physics students' conceptions and learning not only of spatial scale concepts but also of properties and phenomena that dominate at the nanoscale. The findings of this study contribute to the knowledge base about students' prior conceptions that they may bring about these big ideas to the NSET learning environment, which in turn is valuable for helping to design future instruction. In addition, this study documents students' learning gains as a result of relatively short (1 week), targeted instruction of these big ideas, providing evidence that it is possible to design and deliver targeted instruction over a relatively short period of time that helps students generate understanding of key foundational NSET concepts.
A middle school instructional unit for size and scale contextualized in nanotechnology
Cesar Delgado and colleagues examined how a unit on size and scale influenced middle school students' development of knowledge about size and scale concepts. The students came from a low socioeconomic status (approximately 60% qualify for free or reduced lunch in the district), racially and ethnically diverse, public school district in the Midwestern United States. The public middle school students' pre-camp and post-camp mean scores were compared to the scores of their public high school peers from the same district, providing a clearer picture of just how much students learned. The findings suggest that the unit seemed to have "closed the gap" with advantaged students of their same age, and taught them in a short period an amount comparable to what they would learn over several years in high school, where instruction on size and scale is probably not systematic. A key aspect of this article for those who are interested and/or engaged in the development of NSET instruction is the description of the process by which instruction was designed. The authors detail a process of construct-centered design (CCD) [26, 27] to develop the unit on size and scale, emphasizing that CCD is a process that is resonant with current thinking in instructional and assessment design [28, 29] and applicable to designing instruction for topics beyond size and scale.
Science teachers' perceptions of nanotechnology teaching and professional development: a survey study in Taiwan
For over a decade, the government of Taiwan has allocated significant funding for the NPNT, a part of which has focused on the development and implementation of a K-12 Nanotechnology Programme aimed at enhancing pre-college teachers' nanotechnology literacy and enabling them to teach students nanotechnology concepts.
To gauge the effectiveness of the NPNT in terms of Taiwanese science teachers' professional development, Shu Fen Lin and colleagues conducted a survey of 663 Taiwanese junior high school teachers' and 632 senior high school teachers' understanding of nanotechnology teaching after implementing the NPNT, as well as their perceptions of school support and professional development intentions. The results of the survey highlight the influence on NSET teaching and learning of factors such as teachers' content knowledge of NSET, their understanding of teaching strategies for NSET at the pre-college level, their beliefs about students' abilities to learn NSET concepts, and their perceptions of school support for NSET instruction. The findings of this study provide information that is transferable across contexts and point out important considerations for designing professional development experiences for middle and high school teachers.
Integrating nanoscience and technology in the high school science classroom
Qualitative approaches to education research often illuminate aspects of an occurrence, phenomenon, perspective, etc. that cannot be captured with general characterizations and overall distributions. Qualitative methods are interpretive in nature and provide meaning and perspectives of particular actors within particular contexts. Furthermore, these methods are appropriate when the natural field setting is paramount to understanding the concrete details of practice and local meanings for the people involved (e.g., students, teachers) [30] . Such a research approach was utilized in the fifth article presented in this issue. Using a multiple-case study research design, Douglas Huffman et al. examined how two different models of a professional development program, NanoTeach, facilitated teachers' ability to integrate nanoscale science and technology (NS&T) content into their classes in a way that promotes effective science teaching. NanoTeach is a U.S.-based national research and development project designed to support high school teachers with integration of NS&T concepts into their existing curricula. The individual case studies illuminate the nature of teachers' planned versus enacted curriculum, their growth in teachers' nanoscience content knowledge, and the inquiry-based teaching practices they employed in their instruction. The findings highlight the challenge of providing precollege teacher professional development that has a necessary and dual focus on NSET content and pedagogy, while offering insight into the success of offering flexible models of professional development. This study supports a growing body of research that demonstrates the complexity of integrating new interdisciplinary curricula in pre-college classrooms and emphasizes the need to take a long-term view of integration.
The making of nanotechnology: exposing high school students to behind-the-scenes nanotechnology by inviting them to a nanotechnology conference
In the next article of the special issue, Ron Blonder and Sohair Sakhnini report on a study that took place in an informal education setting, the NanoIsrael conference. The NanoIsrael conference brings together expert speakers and top people at the scientific, industrial, and business forefronts from Israel and abroad, with an opportunity to gain a first look at cutting-edge technologies, leading scientific achievements, and unique business and investment opportunities. Nearly 200 students, aged 14-17, participated in the conference and completed an online survey to ascertain how students' prior knowledge of nanotechnology influenced their conference experience, what nanotechnology content students learned at the conference, and what students' perceptions were regarding how is nanoscience research performed and how innovations are transformed into applications. This study draws attention to the beneficial role that informal NSET education can play at the pre-college level and suggests how such experiences can be made more meaningful.
Pre-college nanotechnology education: a different kind of thinking
The final article in this special issue brings us full circle. One of the challenges that relates to the integration of NSET content and practices into pre-college education is its interdisciplinary nature, which sets it apart from the demarcated disciplines that comprise the traditional precollege curricula, particularly in grades 7-12. In the final article of this issue, the complexity of designing pre-college NSET educational experiences and learning environments is brought to our attention through an examination of the approaches and knowledge goals that frame nanotechnology pre-college education to date. M. Gail Jones et al. note that the rapid pace at which nanotechnology education has been introduced into K-12 classrooms has provided little time to evaluate the learning goals and instructional approaches that are most effective for teaching pre-college students. Accordingly, they provide a comprehensive review of (1) the types of approaches used for teaching nanotechnology concepts; (2) the types of knowledge in nanotechnology education; and (3) attitudes toward and beliefs about nanotechnology as an influence on learning.
Jones et al. offer suggestions for the development of new nanotechnology educational programs that are developmental, sequenced, and meaningful. The emphasis on a developmental and social constructivist perspective is particularly significant as it applies to student and teacher learning; remains relevant across a variety of educational contexts; and informs curriculum development, professional development, and learning research in NSET education.
Concluding remarks
The rapid discoveries and innovations in science, engineering, and technology at the nanoscale level have significant implications for the future of STEM education at every level. The articles in this special issue highlight the progress being made in pre-college NSET education, while simultaneously illustrating the challenges ahead. It is evident that in the field of pre-college NSET education, we need to continue conducting fundamental and rigorous research on teacher and student learning of not only phenomena uniquely tied to nanoscale dimensions but also the scale-specific scientific principles and concepts upon which they are based. We hope that this special issue will elicit tighter collaborations between educators, scientists, and practitioners and motivate this timely and important work.
